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ABSTRACT 
 
Aquatic Bacterial Removal Using Carbon Nanotubes (April 2008) 
Suvish Melanta 
Thesis Advisor:  Dr. Jin-Woo Kim 
 
The purpose of this project is to explore the functionality of carbon nanotubes as a 
bacterial removal method, specifically towards water-borne bacterial pathogens in wastewater by 
utilizing its unique magnetic and bacteria-binding properties. The general protocol set for this 
research follows five steps: 1) Preparation of wastewater media, 2) preparation of CNT culture, 
3) preparation of reaction mixture with CNTs for bacterial binding, 4) magnetic separation of 
bacteria-bound-CNT clusters and, 5) assessment of supernatant. The CNTs effectively removed 
bacterial contaminants in the wastewater (10%, v/v) after the sand filtration process from the 
Paul R. Noland Wastewater Facility at Fayetteville, Arkansas. This result suggests the high 
potential of the CNT bacterial removal system for removing harmful bacteria in wastewater, in 
particular after the secondary treatment of wastewater. 
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INTRODUCTION 
 
The suggested minimum for human consumption, including that utilized for drinking, 
cooking, sanitation and other hygienic needs, is estimated at 50 liters per person [1]. With the 
population of the world at a high magnitude of approximately 6.6 billion [2], the demand for 
clean water grows each day. 35 % of all annual global accessible water derived from reservoirs, 
rivers and ground water are currently in use, and water reclamation and reuse have been 
employed as alternate water sources [1]. Today, wastewater, both domestic and industrial, is 
advertently treated in wastewater treatment plants and reclaimed water is discharged into 
surrounding water bodies [3].  
Generally domestic wastewater contains approximately 500 mg/L of solids; half of which 
is dissolved solids, and the rest insoluble, and its typical constituents that goes into treatment are 
listed in Table 1 [4]. In addition to minerals, salts, heavy metals, sediments and other toxic 
substances, wastewater also carries a number of bacteria and pathogens. Some examples of 
common water-borne pathogens are listed in Table 2. These can subsequently be divided into 
gram positive and gram negative bacteria, which has the only difference in the structure of their 
cell walls. [5]. 
Currently, most wastewater is treated through either on-site disposal systems (small-
scale) or municipal wastewater treatment systems (large-scale). Municipal treatment of 
wastewater in the plants occurs in four stages; 1) pre-treatment, 2) primary treatment, 3) 
secondary treatment and, 4) tertiary or advanced water treatment. Each of these stages is 
illustrated in Figure 1.  
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Table 1. Typical composition of untreated domestic wastewater [4]. 
 
Weak Medium Strong Constituent 
 All mg/L except settle-able solids 
Alkanity (as CaCO3) 50 100 200 
BOD5 (as O2) 100 200 300 
Chloride 30 50 100 
COD (as O2) 250 500 1000 
Suspended Solids (SS) 100 200 350 
Settleable Solids, mL/L 5 10 20 
Total dissolved solids (TDS) 200 500 1000 
Total Kjekdahl nitrogen (TKN) (as N) 20 40 80 
Total organic carbon (TOC) (as C) 75 150 300 
Total phosphorous (as P) 5 10 20 
 
 
Table 2. List of common water-borne pathogens [6][7]. 
 
Pathogen Disease 
Camplyobacter jejuni Acute gastro-enteritis 
Escherichia coli Hemorrhagic colitis with bloody diarrhea 
Heliobacter pylori Chronic active gastritis, peptic, duodenal ulcer 
disease, gastric cancer 
Yersinia enterocolitica Gastrointestinal illness 
Aeromonas Gasteroenteritis , aerodomonas 
Mycobacterium tuberculosis Tuberculosis 
Vibrio cholerae Cholera 
 6 
 
Figure 1. Schematic diagram of liquid wastewater treatment processes [8]. 
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Pre-treatment measures are usually taken to protect the mechanical equipment of the 
plant since incoming sewage contain various forms of debris and sand particles [8]. These 
measures mainly include bar racks, grit chambers and equalization chambers [4]. Primary 
treatment occurs in large sedimentation tanks which are used to eliminate suspended solids from 
the pre-treated sewage through gravity resulting in sludge. The less dense materials, such as oil, 
grease and dirt, float on the surface and are skimmed mechanically [4][8]. Secondary treatment 
includes the utilization of microorganisms, so as to reduce the biodegradable materials from 
wastewater through their ability to feed on organic matter. This can be achieved through many 
different systems such as trickling filters, and by using activated sludge (aerobic 
chemoheterotrophs) [4] . Tertiary treatment removes “specific residual substances, trace organic 
materials, nutrients and other constituents that are not removed by biological processes” [8]. This 
treatment process may include disinfection using chlorine gas or UV radiation, carbon 
adsorption, phosphorus and nitrogen removal. Tertiary treatment may remove upto 80% of 
biological oxygen demand (BOD), suspended solids and pathogens [4].  
Successful methods exist today to disinfect wastewater of biological pathogens. 
Chlorination in municipal wastewater treatment is one such method which is used extensively to 
remove several waterborne diseases as cholera, typhoid, and dysentery. However, chlorine has 
also been listed as a poison known to cause severe damage to the human body [9].  U.S. 
Environmental Protection Agency (EPA) has modified its use for disinfection to only during the 
summer season due to various reasons. “The first was that the use of chlorine and, perhaps, 
ozone causes the formation of organic compounds that are carcinogenic” and also because, 
“chlorine is toxic to fish” [4]. Other disinfecting methods such as use of phenols, alcohols, 
halogens and strong acids cause rupture of the cell membranes of useful bacteria and result in 
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coagulation. UV radiation, heat or direct sunlight also results in protein coagulation. These 
methods all defy the requirements of a disinfecting process as they are not pathogen specific, 
affect the pH level of water and are unsafe to humans and the environment [8].  
Recently, several studies have shown the usability of carbon nanotubes (CNTs) to 
remove biological impurities from water [12]. CNTs are strongly bound cylindrical in shape and 
exist in a honeycomb lattice structure, similar to that of crystalline graphite. There are primarily 
two types of CNTs: 1) single-walled carbon nanotube (SWNT) which are about 1.4 nm in 
diameter and form a two dimensional triangular lattice structure, and 2) multi-walled carbon 
nanotube (MWNT) which constitutes several coaxial cylindrical SWNTs [10]. Unique properties 
of CNTs make them particularly suitable as potential bacteria-capturing agents. CNTs have been 
observed to bind strongly to bacteria [11]. Strong and stable membranous CNT structures have 
been fabricated using a continuous spray pyrolysis method resulting in CNTs of 10 - 12 nm inner 
diameter and 20 – 40 nm outer diameter, several centimeters in length and a fracture load of 
about 2 N. This mode of bacteria removal was used to effectively remove Escherichia coli, 
Staphylococcus aureus and even the smaller poliovirus from saline suspensions [12].  
A recent research [13] has been conducted to study the affinity of E. coli cells to CNTs 
and clustering properties at the cell surface when exposed to photo-thermal treatment with near 
infrared (NIR) laser treatment, showing that the CNT’s heat results in short-lived bubble 
formation around these clusters causing permanent membrane disruption of the cells. Another 
very unique property that makes CNTs an ideal candidate for bio-separation is its magnetic 
properties. When exposed to a magnetic field, CNTs exhibit both para- and di-magentic 
properties [14].  
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This high binding affinity to bacterial cells and magnetic properties of CNTs can allow 
them to be a highly valuable method for bacteria removal from water.  This concept has been 
explored where large MWNT clusters were introduced with various water-borne bacterial strains 
in a batch-mode stirred-tank reactor, incubated, and the binding bacteria to MWNT clusters were 
separated through an external magnet. This method was successfully applied to remove bacterial 
strains such as E.coli, Pseudomonas putida, Arthrobacter globiformis and Bacillus subtilis [15]. 
The added advantage of this method was that the CNTs could be re-used after cleaning by 
ultrasonification, autoclaving, or acid treatment.  
This research is dedicated to studying the application of CNTs for bacterial removal in 
wastewater consisting of complex compounds including organic materials and solids. The study 
of bacterial adsorption to CNTs in and therefore, their effective removal from wastewater can 
make CNT medium be a highly valuable bacteria removal system to be used in large city water 
purification facilities and with further studies, possibly in under-developed areas and countries. 
The specific objectives of the project include: 
1) Studying the effectiveness of bacterial removal of CNTs in wastewater. 
2) Determining the adsorption capabilities of CNTS in wastewater. 
3) Determining a suitable location and design of a CNT reactor system in a wastewater 
treatment plant for the effective removal of waterborne pathogens. 
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MATERIALS AND METHODS 
 
 In order to study the effectiveness of CNT bacteria removal in wastewater, a series of 
experiments were conducted. The general protocol used in each of these experiments follows 
five steps [15]:  
 
1) Preparation of bacterial medium - The two bacterial samples used in the experiments were a 
pure E. coli culture and wastewater sample. A batch of E. coli culture was prepared through a 
standard microbiological process. For this, a loop of bacteria from a long-term storage of 
bacterial stock was streaked onto an Luria-Bertani (LB) medium agar plate and incubated for 24 
hr at 37 0C. An isolated colony was used to inoculate 10 mL of fresh LB medium and again 
incubated at 37 0C. After 12-hr incubation, 100 µl of bacteria solution was inoculated to 10 mL 
of fresh medium and incubated for 12 hr at 37 0C. All media were obtained from DIFCO (USA). 
After 24 hr incubation at 370C and 150 rpm, bacteria cultures were ready for testing. 
 In order to determine the concentration of bacteria in the culture (referred to as original 
culture) a standard curve for enumeration of bacteria was constructed. An appropriate series of 
dilution of bacterial culture were made. Then, 100 µL of each culture dilutions were spread onto 
nutrient agar plates. After 24 hr incubation, the number of colonies was counted. The optical 
density (OD) of dilutions was measured for the samples using a spectrophotometer at 600 nm. 
The standard curve plot provided the standard curve regression equation, which was used to 
determine the concentration of the original bacterial culture used in all further experiments using 
E. coli (Appendix A).  
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 For the wastewater medium, 1L sample of the effluent wastewater was taken from the 
local Paul R. Noland wastewater treatment facility after the secondary treatment process, i.e. 
after sand-filtration and before disinfection (refer to Figure 1). 
 
2) Preparation of CNT culture - MWNT was purchased from NanoLab, Inc. (Newton, MA) and 
was added to 0.85% NaCl saline solution. This solution was then sonicated three times for 5 min 
with 2 min interval, centrifuged at 1000 x g, decanted and resuspended in an appropriate buffer 
solution. These steps were repeated three times resulting in a CNT solution of 4.0 mg/mL. 
 
3) Preparation of reaction mixture with CNTs for bacterial binding - Appropriate volumes of the 
CNT stock solution and bacterial medium, either pure E. coli culture or wastewater, were mixed 
in a  4mL glass vial and incubated on a vortex mixer at 900 rpm for 1 hr. 
 
4) Magnetic separation of bacteria-bound CNT cluster - Each sample vial was placed close to a 
rare-earth magnet such that the magnet touched the walls of the vials. A magnetic field strength 
of 0.684 Tesla (K & J Magnetics, Inc., Jamison, OA) was applied for 30 min causing the 
bacterial-CNT clusters to be attracted towards the magnet (Figure 2). 
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Figure 2. Lab set-up of CNT batch-mode stirred-tank removal method using pure E. coli 
culture [15]. 
 
5) Assessment of supernatant - A spread-plating of 100 µL of the supernatant from the sample 
vial to agar plates was conducted. The plates were then incubated to assess the cell removal.  
 
Using the above stated protocols, the study was conducted through three experiments. 
First, a preliminary estimation of the adsorption capacity of CNT using pure culture of E. coli 
(bacteria commonly present in wastewater) was conducted. This was in accordance to the batch-
mode stirred-tank reactor procedures developed in the Bio/Nano Technology Lab at the 
University of Arkansas and and to re-confirm the results as per Kim and Moon [15]. Secondly, 
the adsorption capacity of CNT with autoclaved (sterile) wastewater as the background medium 
was explored. Thirdly, the result of the second experiment was re-explored by testing CNT 
bacterial removal with ‘fresh’ wastewater (unsterile) to determine its effectiveness. 
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I. CNT Removal With Pure E. coli Culture  
 
The E. coli culture was used as the bacterial media. Appropriately diluated bacteria 
culture (bacteria with distilled water) was added to CNT stock solution as shown in Table 3. A 
spread-plating of the supernatant after magnetic separation was performed on LB agar plates and 
were incubated for 24 hr to assess the cell removal.  
 
Table 3. Reaction media in vial using batch-mode stirred-tank removal process. 
 
Dilution of 
bacteria 
Desired final 
concentration of 
bacteria 
(CFU/mL) 
Vol. of 
CNT(µL) 
Vol. of 
0.85%NaCl 
(µL) 
Vol. of E. 
coli 
culture 
(µL) 
Final 
vol. 
(µL) 
100 - - - 1000 1000 
10-1 2 x 106 500 490 10 1000 
10-2 2 x 105 500 490 10 1000 
10-3 2 x 104 500 490 10 1000 
10-4 2 x 103 500 490 10 1000 
 
 
II. Bacterial Removal Under Wastewater (Sterile) Background  
 
Again, the E.coli culture was used as the bacterial media. Instead of suspending the 
bacteria culture in distilled water, autoclaved wastewater was used as the ambient media. For 
this, 500mL of the wastewater sample was autoclaved. Then, diluted bacteria culture with the 
CNT stock solution was added as shown in Table 4 and the spread-plating of the supernatant 
after magnetic separation was performed on LB agar plates. Plates were incubated for 24 hr to 
assess the cell removal.  
 14 
 
Table 4. Reaction media in vial for bacterial removal in wastewater background (sterile). 
 
Dilution of 
bacteria 
Desired final 
concentration of 
bacteria 
(CFU/mL) 
Vol. of 
CNT(µL) 
Vol. of 
wastewater 
(µL) 
Vol. of E. 
coli 
culture(µL) 
Final 
vol. 
(µL) 
100 - - - 1000 1000 
10-1 2 x 106 500 490 10 1000 
10-2 2 x 105 500 490 10 1000 
10-3 2 x 104 500 490 10 1000 
10-4 2 x 103 500 490 10 1000 
10-5 2 x 102 500 490 10 1000 
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III. Bacterial Removal Under Wastewater (Unsterile) Background  
 
Un-autoclaved, ‘fresh’ wastewater sample was used in place of E.coli culture and was 
mixed with CNT stock solution as shown in Table 5. The magnetic separation of vials and 
spread-plating was conducted as stated in previous experiments on Nutrient Broth (NB) agar. 
The plates, which have growth of a large spectrum of bacteria, were then incubated for 36 hr to 
assess the cell removal. The incubation period was extended from 24 to 36 hr (as in experiment 
II), because the types of bacteria present in wastewater have not yet been quantified and 
characterized. Therefore, the incubation period was lengthened to encompass the growth cycle of 
as many bacteria species as possible, which would ensure more accurate results.   
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Table 5. Reaction media in vial for bacterial removal in wastewater background (unsterile). 
 
Dilution of bacteria Vol. of CNT(µL) 
Vol. of 
wastewater (µL) 
Final vol. 
(µL) 
100% 250 750 1000 
75% 250 750 1000 
50% 250 750 1000 
25% 250 750 1000 
10% 250 750 1000 
 
 
Table 6. Colony count of agar plates after CNT removal using batch-mode stir-tank reactor 
method. 
 
Concentration in Vial (CFU/mL) Number of Colonies 
2 x 103 0 
2 x 104 0 
2 x 105 0 
2 x 106 22 
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RESULTS & DISCUSSION 
 
 For the batch-mode stirred-tank experiment with CNT and pure E. coli culture, the spread 
plating of the suspension after CNT removal showed that no bacterial growth occurred in the 2 x 
105 CFU/mL concentration culture (Table 6). This, therefore, implies that the CNT concentration 
of 4 mg/mL would be most effective in the safe removal of bacteria from water containing 
bacterial concentrations less than 2 x 105 CFU/mL. The result of this experiment is in accordance 
with the previous studty [15]. Additionally, this adsorption capacity serves as a control for the 
following experiments. 
The CNT removal of E. coli in the presence of wastewater (sterile) background, showed 
complete bacterial binding to CNTs at the bacterial concentration of 2 x 102 CFU/mL (Table 7 
and Figure 3). The adsorption capacity of CNTs in the presence of wastewater was much lower 
(100 – 1000 fold) than that with the pure E. coli. This could be because of the native organic 
matters, including microorganisms, in wastewater in addition to the inoculated E. coli. Since the 
species of bacteria in wastewater have not yet been quantified, it is difficult to estimate an exact 
bacterial concentration in wastewater so as to resolve this. Although the autoclaving process of 
wastewater would have killed all active bacteria in the wastewater and the growth on the agar 
plates can be accounted only to the artificial inoculation of E. coli to the reaction media, the 
biomass of the dead wastewater bacteria could have interfered with the binding capacity of the 
CNT. Additionally, the COD of the samples used in the particular experiment could have 
affected the CNT action. However, this can be overcome by increasing the concentration of 
CNTs used in the process. 
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Table 7. Colony count of agar plates after CNT removal with wastewater background 
(sterile). 
 
Concentration in Vial (CFU/mL) Number of  colonies 
Control 0 
2 x 102 0 
2 x 103 1 
2 x 104 ~73 
2 x 105 ~95 
2 x 106 >200 
 
 
 
 
 
 
Figures 3. Plates showing CNT removal of bacteria in wastewater (sterile) background for 
different concentrations of E. coli. 
 18 
Based on colony counting of spread plates inoculated with samples taken from the 
wastewater plant during pre- and post-filtration processes (Figure 4), the adsorption capacity of 
CNTs was tested at various concentrations of wastewater. A series of dilutions ranging between 
0 and 10 X dilutions, i.e. 100% - 10% of wastewater in CNT solution, were used so as to obtain a 
more accurate estimate of the CNT bacteria removal capacity with unsterile, fresh wastewater.  
 
 
 
Figures 4. Plates showing CNT removal of bacteria in wastewater (unsterile) background 
for different concentrations of E. coli. 
 
 
Table 8. Colony count of agar plates after CNT removal with wastewater background 
(unsterile). 
 
% Concentration in Vial (based on wastewater) Number of colonies 
Control >200 
100% >200 
75% 61 
50% 49 
25% 18 
10% 0 
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The spread plating of these dilutions clearly showed a significant reduction in the number 
of colonies after treating the post sand-filtered wastewater samples with CNTs. However, the 
results indicated that CNT removal with 10% wastewater would be most effective (Table 8 and 
Figure 5). This means that the complete removal of microbial contaminants in the wastewater 
sample is possible by increasing the CNT concentration ten times.  
Wastewater samples were further characterized by their COD and TSS to determine if 
any interference to the activity of CNT in bacteria removal would occur either due to chemically 
alteration of the CNT structure or due to physical interference by the solids present in the 
samples. Our results indicated that the COD of the wastewater samples used in this study was < 
2mg/L and TSS between 1-2 mg/L. This is in a good agreement with the testing results from the 
Paul R. Noland Wastewater Treatment Facility at Fayetteville, AR. This implies that there is 
little to minimal interference to CNT binding to bacteria by the constituents in the sample.  
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Figures 5. Plates showing CNT removal of bacteria in wastewater (sterile) at different 
concentrations of wastewater. 
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CONCLUSION AND RECOMMENDATIONS 
 
This study demonstrated the high potential of CNT-based bacterial removal system for 
effective aquatic bacterial removal. It reconfirmed the unique properties of CNTs, upon which 
the bacterial removal system is based, as they served not only as effective bacterial adsorbents 
but also as magnetic separation agents. Results with CNT and raw wastewater suggested that the 
bacteria removal system using CNT batch-mode stir tank method is indeed capable of removing 
harmful bacteria after the secondary wastewater treatment process. Based on these results, an 
ideal location for a CNT bacteria removal system, if and when developed using suitable 
engineering design, would be after the secondary treatment process as shown in Figure 6. 
To successfully apply the bacterial removal system using CNT in large-scale scenarios, 
such as in a municipal wastewater treatment plant, the system would emulate the processes used 
in the project’s experiments, e.g. CNT-wastewater mixing and magnetic separation. A possible 
design for such a system is illustrated in Figure 7. Accordingly, the implementation of this 
design (sizing and construction) would have to account for reaction times for unit processes and 
will depend on the various parameters such as reactor sizes, building materials, flow rates, 
magnetic strength and finances.  
A further study is recommended to study the adsorption capacity of CNT with higher 
concentration of CNT in the stock solution. With the increased CNT concentration, the bacteria 
removal is predicted to be still more effective. Furthermore, COD testing of sample before and 
after the batch-mode stir tank method must be conducted so as to determine the effect of COD, if 
any, on the adsorption capacity of CNT.  
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Figure  6. Potential location of CNT bio-filter. 
 
 
 
 
 
Figure 7. Potential design of CNT bio-filter. 
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APPENDIX A 
Development of Standard Curve for Bacterial Enumeration of E. coli 
 
1)  Culture: E. coli K-12 
 
2)  Spread Plating 
 
The original concentration of culture was determined using the relationship: 
 
 
 
Table a. Bacterial concentrations for standard curve of E. coli. 
 
Dilution 
Vol. 
(µL) 
# of 
Colonies 
Count CFU/ml 
10-5 100 22 2.2E+8 
10-6 100 226 2.3E+10 
10-7 100 >300 n/a 
    
 
The most accurate result was from the agar plate of dilution 10-6 giving a colony count of 
226. Thus the concentration was calculated to be 2.3 x 1010. 
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3)  Spectrophotometer Readings and Calculation of Bacterial Concentrations of each Dilution 
 
The optical density of each dilution was determined and the bacterial concentration was 
calculated using the following relationship: 
 
 
 
The results are determined as in Table b. 
 
Table b. Bacterial Concentration for Dilutions. 
 
Dilution O.D. CFU/ml 
5.E-01 1.3246 1.1E+09 
1.E-01 0.2936 2.3E+08 
5.E-02 0.1683 1.1E+08 
1.E-02 0.0362 2.3E+07 
5.E-03 0.0170 1.1E+07 
1.E-03 0.0132 2.3E+06 
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4)  Standard Curve Plot  
 
The concentration of bacteria vs. O.D plot below provided the standard curve regression 
equation. This was used to determine the concentration of the original bacterial culture used in 
all the experiments using E. coli. 
 
 
 
 
